Type III secreted Sop protein effectors are delivered into target eukaryotic cells and elicit cellular responses underlying Salmonella pathogenicity. In this work, we have identified another secreted protein, SopE2, and showed that SopE2 is an important invasion-associated effector. SopE2 is encoded by the sopE2 gene which is present and conserved in pathogenic strains of Salmonella. SopE2 is highly homologous to SopE, a protein encoded by a gene within a temperate bacteriophage and present in only some pathogenic strains.
A variety of gram-negative pathogenic bacteria possess a dedicated protein secretion system, denoted type III, which is of primary importance for the successful engagement of eukaryotic host cells (for a recent review, see reference 8). Type III secretion systems play a central role in virulence, directing secretion and translocation of several bacterial effector proteins into the cytoplasm of host cells. It is becoming apparent that the mechanism of type III secretion and translocation is conserved in a variety of bacteria, although each pathogen appears to have a specific set of secreted protein effectors. Upon translocation, the bacterial protein effectors affect different host cell functions and elicit a variety of responses. This, in turn, has a major impact on the development and progress of infection.
Recent work by our group and others has identified a number of protein effectors (3, 4, 5, 9, 12, 17) secreted and translocated into eukaryotic cells by the Salmonella Inv/Spa type III secretion system, which is one of two type III systems present in salmonellae (for a review, see reference 2). The Inv/Spa system is encoded within a pathogenicity island, SPI-1 (13) , and is required for eliciting host cell responses which in turn result in host cell cytoskeleton rearrangements which assist bacterial entry into nonphagocytic epithelial cells and aid in the production of proinflammatory signals (for a recent review, see reference 1). Four of the key proteins in these processes are Sip A, B, C, and D. All these proteins are encoded by a single polycistronic operon located adjacent to the inv/spa loci (7, 10, 11, 16) . At least some of the Sip proteins appear to have multiple activities and perform several functions, but it is believed that the major function of Sip B, C, and D is to execute the translocation of a set of specific effector proteins into eukaryotic cells. One such translocated effector is SopE (5, 17) . SopE contributes to the expression of Salmonella invasion by stimulating membrane ruffling via guanidine nucleotide exchange on Rho GTPases CDC42 and Rac (6) . The sopE gene is located outside SPI-1 and is encoded within a temperate bacteriophage (5, 15) . Interestingly, not all strains of Salmonella carry the sopE gene (15) , suggesting either that the SopE function is redundant or that there is another protein with functions similar to those of SopE, in at least some Salmonella strains. We have investigated this suggestion.
SopE was initially identified as a component of protein aggregates accumulated in the culture media of Salmonella enterica serovar Dublin B1 (sipB mutant) (17) . This suggested that sipB mutants of different Salmonella strains may have different profiles of Sop proteins deposited into filamentous aggregates. In order to assess the Sop protein profiles from Salmonella strains with different host specificities, we first transduced the polar sipB mutation from serovar Dublin B1 into a variety of other Salmonella strains (virulent field isolates from the IAH strain collection) by using P22 transduction. The correct mutations in Cm r transfectants (one for each strain) were confirmed by PCR (data not shown). Different sipB mutant strains were then grown overnight at 25°C in Luria-Bertani medium, were diluted 10-fold in fresh LB medium, and were incubated for 5 h at 37°C. All Salmonella strains tested produced filaments similar to those produced by serovar Dublin B1. The protein filament aggregates accumulated in each flask were collected and washed in phosphate-buffered saline, essentially as described earlier (17) . Filaments were dissolved in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer, and proteins were separated by SDS-12% PAGE. The gel was stained with Coomassie brilliant blue (Fig. 1A) or was blotted onto a nitrocellulose membrane and probed with an anti-SopE monoclonal antibody (Fig. 1B) . The analysis of the Coomassie-stained gel revealed that filament aggregates isolated from each Salmonella strain were composed of a similar set of proteins, migrating in each case with a profile closely resembling that of serovar Dublin (Fig.  1A) . The monoclonal anti-SopE antibodies (17), however, did not recognize the ϳ30-kDa protein from Salmonella enterica serovar Typhimurium F98 isolated from a chicken and serovar Typhimurium ST5306 isolated from a pig (Fig. 1B) . In both cases, however, this protein appeared to migrate with the same apparent molecular weight as SopE from serovar Dublin. We then attempted to amplify a sopE-specific DNA fragment by PCR by using genomic DNA from different Salmonella strains as a template with SEup (5Ј-ACCGAGAAAAGATCTTTAG CAAAAA-3Ј) and SEdown (5Ј-CAAGATCAGCTCACACT-3Ј) primers, based on the known DNA sequence of sopE from serovars Dublin and Typhimurium. No DNA fragment was amplified when DNA from serovar Typhimurium F98 or ST5306 was used as a template, but a sopE-specific DNA fragment of the expected size was amplified in all other samples (data not shown). This further suggested that serovar Typhimurium F98 and ST5306 did not possess sopE and that the ϳ30-kDa protein from these two strains may be a different protein. To investigate this protein further, we extracted the 30-kDa protein produced by serovar Typhimurium F98, subjected it to N-terminal amino acid sequencing, and used it for immunization of mice to raise monoclonal antibodies. The sequence of 15 amino acids was determined to be X-N-I-T-L-S-T-Q-H-Y-R-I-H-R-S. This sequence was then analyzed by using the BLAST search program against a partial genomic sequence of serovar Typhimurium and Salmonella enterica serovar Paratyphi available from the Genome Sequencing Center at Washington University School of Medicine, St. Louis, Mo. (http://genome.wustl.edu/gsc/bacterial/salmonella.shtml) and against that of serovar Typhi available from Sanger Center (http://www.sanger.ac.uk/Projects/S_typhi/blast_server.shtml). This analysis revealed a match with the product of an open reading frame (ORF) present in all three Salmonella serotypes. (In the available nucleotide sequence from serovar Typhi there is a deletion of one nucleotide at position 73 within this ORF leading to a frame shift. It is unclear at this moment if this is due to a posisble sequencing mistake.) The deduced amino acid sequence of the protein product of this ORF was highly homologous to SopE (see below). We therefore designated this protein SopE2, and the ORF was designated sopE2. DNA fragments containing a complete sopE2 gene and upstream areas from serovars Dublin 2229 and Typhimurium F98 were amplified by PCR by using an upstream primer SE3 (5Ј-TTA AGCATAAGCTTAATTCCATTTGTT-3Ј) and a downstream primer SE4 (5Ј-CTGATAAATGAATTCAGGCCGC ATC-3Ј) based on the available sequence from serovar Typhi and modified to include restriction sites. Chromosomal DNA from serovars Dublin 2229 and Typhimurium F98 were used as templates. The resulting DNA fragments were cloned into pBluescript to yield pSopE2sd and pSopE2st, respectively. The sequence of the cloned DNA in both plasmids was identical to that of an ORF obtained from the serovar Typhimurium genome database. The deduced amino acid sequence of the SopE2 protein was 64% identical to that of SopE (Fig. 2) . The SopE2 sequence was found to be remarkably conserved in different Salmonella serotypes, with only six amino acid substitutions in SopE2 in serovar Paratyphi compared to that in serovars Typhimurium and Dublin. We next designed two primers, SE2up (5Ј-TCGTGGGAGCGGATCCGAGGGTAG GGCAGTAT-3Ј) and SE2down (5Ј-TGCGCAGCCTCGAGT ATCTCTTTCAGAAA-3Ј), from an internal part of sopE2 and used them in PCR with DNA from different Salmonella strains as template. The sopE2-specific DNA was present in all Salmonella strains analyzed, including strains with different host specificities (data not shown). Together, these data suggest that the sopE2 sequence is present and conserved in different S. enterica strains.
A DNA fragment amplified by using serovar Typhimurium DNA was cloned into the pDM4 suicide plasmid (14) to yield pSB1. sopE2 mutant serovar Typhimurium SE2.1 was constructed by crossing pSB1 from Escherichia coli S17.1 pir into parental serovar Typhimurium F98, and correct insertion of the suicide plasmid was confirmed by PCR. The mutation was transcomplemented by introducing the pSopE2st plasmid into serovar Typhimurium SE2.1. The growth characteristics of the sopE2 mutant and the transcomplemented strains in LB medium at 37°C were undistinguishable from those of the wildtype strain (data not shown). The proteins produced and secreted by the different Salmonella strains in LB medium at 37°C were isolated as described earlier (17) and were analyzed by SDS-PAGE and Western blotting by using monoclonal antiSopE2 antibodies. The SDS-PAGE analysis revealed that the sopE2 mutation did not cause any apparent effect on the expression and secretion of secreted proteins other than a 30-kDa protein (data not shown). The Western blot analysis revealed that a faint protein band at 30 kDa, present in the wild-type strain, was missing in the sopE2 mutant but reappeared in the transcomplemented strain (Fig. 3) , suggesting that the observed 30-kDa protein is SopE2.
The wild-type, mutant, and transcomplemented strains were then assessed in a cultured cell invasion assay, essentially as described earlier (17) . The results of this experiment clearly showed that serovar Typhimurium SE2.1 had a reduced ability to invade HeLa cells (Fig. 4) . The invasion phenotype was partially restored by complementing the mutations in trans, demonstrating that the invasion defect in the mutant strain is due to inactivation of sopE2.
Thus, we have identified SopE2, an invasion-associated secreted protein of Salmonella. Structurally, sopE2 is very similar to sopE, suggesting that these two genes have the same evolutionary origin and/or that one of these genes is a product of gene duplication. The high structural similarity between SopE2 and SopE and the similar phenotypic effects caused by inactivation of SopE-and SopE2-encoding genes suggest that these two proteins are likely to have similar mechanisms of action. Unlike sopE, sopE2 appears to be broadly distributed in salmonellae, suggesting that conservation of this gene may be more important than that of sopE. Thus, it appears that at least some Salmonella strains possess two functional genes, encoding virulence-associated type III secreted proteins highly similar to each other. This finding prompted us to compare sequences of other known secreted proteins with sequences deposited in the Salmonella genome database. No homologues were found for SopB (3), AvrA (4), or SptP (12) . However, our analysis revealed that there is a gene encoding a SopD (9) homologue. The sequence of this protein is 41% identical to that of SopD (data not shown).
The type III secretion/translocation mechanism appears to be conserved in many gram-negative bacteria; however, each pathogen has a specific set of type III secreted effector proteins. An ability to expand the repertoire of such effectors without the risk of loosing essential functions may allow pathogens more flexibility in adapting within different host environments. It is interesting to note a remarkable conservation of the SopE2 sequence in different Salmonella serotypes, as this is in contrast to the conservation of SopE. SopE proteins from serovars Dublin and Typhimurium, for example, show only 90% overall identity, indicating a rapid evolution of the sopE gene in Salmonella. It is also worthy to note that the sopE gene is carried by a bacteriophage (5, 15) . Together, these data suggest that Salmonella appears to possess a mechanism which enables the preservation of one copy of some genes encoding effector proteins while allowing simultaneous rapid evolution of the gene sequence. Those mutated gene variants that provide selective advantage can then be disseminated throughout the population via mobile genetic elements.
Nucleotide sequence accession number. The sequence of the DNA fragment from serovar Typhimurium F98 identical to that from serovar Dublin 2229 was deposited in the EMBL database under accession no. AF200952. (17) , were separated by SDS-PAGE, were transferred to nitrocellulose membrane, and were probed with anti-SopE2 monoclonal antibody.
FIG. 4.
Invasion of HeLa cells by the wild-type serovar Typhimurium F98, serovar Typhimurium SE2.1 sopE2 mutant, and serovar Typhimurium SE2.1/ pSopE2st transcomplemented sopE2 mutant strains. All strains were grown overnight at 26°C, then diluted 10-fold and grown at 37°C to an optical density at 600 nm of 0.5. The cells were infected with bacteria at an approximate ratio of 1:10. HeLa cells were infected for 1 h and then washed and exposed to gentamicin (100 g/ml) treatment for 1 h. The cells were lysed with 1% Triton X-100, and the numbers of bacteria surviving gentamicin treatment were calculated by viable count. The experiments were carried out in triplicate. Each bar is derived from the mean of three samples per strain. The error bars indicate standard errors of the means calculated from triplicate plating.
